Electrical conductivity of an unsaturated thermoset polyester based gel-coat system containing 0.05 wt.% of carbon nanotubes (CNTs) was investigated. The CNTs used were synthesized by chemical vapor deposition method by methane decomposition and Raman characterization showed that they were mostly single walled and high quality. To disperse CNTs in the gel-coat resin, 3-roll milling technique was used. It was found that as the CNTs are added to gel-coat system, resistivity value decreases significantly while neat gel-coat showed a high resistivity. By the application of an AC electrical field during curing process, it was attempted to align CNTs in the gel-coat resin and an electrically anisotropic polymer was obtained.
Introduction
Carbon nanotubes (CNTs) have high potential to be used in many applications due to special properties since their first observation by Iijima in 1991 [1] . High aspect ratio, Young modulus, tensile strenght, thermal and electrical conductivity are some of excellent properties of the CNTs [2] . Due to their high Young modulus and low weigth, they take part in high strength composite materials, interconnections, and functional devices in molecular electronics [3] .
There are three main methods to produce CNTs, i.e. arc discharge, laser vaporization and chemical vapor deposition (CVD) methods [4] . Among these, CVD method is suitable for mass production. In this method an energy source such as a plasma, a resistive heater or a furnace is used to transfer energy to a gas phase carbon precursor and carbon deposition on metal catalysts results in carbon nanotube formation.
For new composites, CNTs excellent properties offer exciting opportunities. Fiber reinforced composites are employed in increasing applications such as wind turbine blades, automotive parts, and military applications. In the application of polymer composites, a top coating layer called or gel-coat is applied to prevent composites surfaces under service conditions and to provide decorative properties. Incorporation of a conductive gel-coat layer * Corresponding author. on the composite part is a great importance, as an example, for lightning of a wind blade and for anti-static behavior for a composite part. Because of the utilization of CNTs, the capacity of load transfer between the matrix and fibers can be increased. Recently, polymer/CNT composites are one of the hot topic because of their unique mechanical, surface and multi-functional properties, and strong interactions with the matrix resulting from the nano-scale microstructure and extremely large interfacial area. However, dispersion and alignment of CNTs in the matrix have significant effect on the final composite properties because the as-grown CNTs are often held together in bundles because of very strong van der Waals interactions [9] . There are several techniques to disperse CNTs in polymer matrices, such that optimum physical blending, in situ polymerization and chemical functionalization [10] . An alternative novel route, 3-roll milling technique utilized [11] in this study was used for dispersion of CNTs with the thermosetting resin. This technique provides intensive shear forces on the CNTs for their dispersion homogeneously within thermoset resin while it prevents ruptures and damages of CNTs.
A large number of polymers such as vinyl ester [5] , epoxy [6] , polyacrilonitrile [7] , polypropylene [8] were used together with CNTs to synthesize nanocomposites. To our knowledge, there is no work in the literature to prepare conductive gel-coat system with CNTs. This study is the first to develop electrically conductive and anisotropic gel-coat systems that can be used as a top conducting layer on fiber reinforced composites. Due to the application of an AC electrical field CNTs were attempted to be aligned along a specific direction and obtain anisotropy in terms of electrical conductivity.
Experimental
In this study, CNT growth experiments were performed at atmospheric pressure on Co-Mo/MgO catalyst. Firstly, a catalyst pretreatment took place with H 2 gas flow at 150 sccm for 1 h at 850 • C to prevent amorphous carbon formation and to provide the reduction from metal oxide catalyst to metal catalyst which are more suitable for CNT growth. After reaching to 1000 • C temperature, 50 sccm CH 4 gas flow was started to initiate CNT growth. H 2 continued to flow during CNT growth. Growth process took place 40 min, then CH 4 flow was turned off. CNTs was remained within the furnace to room temperature. Carbon nanotubes (CNTs) were used as nanofillers within the corresponding resin blend. Firstly 0.05 wt.% of CNTs were dispersed in gel-coat by shear intensive blending via 3-roll milling technique. To polymerize gel-coat resin, cobalt naphtanate (CoNAP) and methyl ethyl ketone peroxide (MEKP) were introduced to the system as accelerator and initiator, with a ratio of 0.2 and 1 wt.%, respectively. The resin suspensions were allowed to cure at room temperature followed by a post curing at 120 • C for 2 h, respectively.
To align the CNTs within the polymer matrix, CNT/resin suspensions were exposed to sinusoidal AC electric field of 400 V/cm during curing by utilization of parallel aluminum plates. The samples were subsequently cut and contacted in the directions parallel and perpendicular to the direction of the applied electric field to assess the anisotropy of electrical conductivity in the nanocomposites. Two point technique was used to measure I-V characteristics of composites. Contacts were obtained by coating samples with gold using a mask and a wire was used to create a gap with 17.5 m.
Results and discussions
The morphology of CNTs was observed by the scanning electron microscopy (SEM). As seen from Fig. 1 , as grown CNTs were of high quality. However, some tangled tubes were seen.
Raman spectra of CNTs are given in Fig. 2 . Raman spectroscopy is generally used to study the quality of CNTs. It gives information about number of walls, the presence of crystalline and amorphous carbon and diameter of CNTs can be determined with the Raman spectroscopy. There are two main first order peaks are observed in Raman spectroscopy of the CNTs prepared in this work. The first one is the D peak and observed around 1300 cm −1 for excitation He-Ne laser, or at 1350 cm −1 for an Ar ion laser. This peak shows the presence of defects. The other one is the G peak and observed at about 1580 cm −1 , which is related to the in-plane vibrations of the graphene sheet [12, 13] . Therefore, ratios of the D peak to the G peak gives the amount of disorder within CNTs [14] . Raman spectra of the CNTs (Fig. 2) showed a significantly high I G /I D ratio which means high graphitization and low disorder. RBM peaks, low energy peaks around 191 and 216 cm −1 are the radial breathing modes of CNTs [15] , were observed for this sample, and it indicates that nanotubes used in this study were single walled. I-V measurements of samples (Fig. 3) showed that resistance of neat polymer was about 110 . When 0.05% CNT was added to gel-coat polymer, its conductivity increased significantly and the resistance decreased to about 27 . When CNTs were aligned under electrical field, it was observed that conductivity in the alignment direction of the CNTs increased and the conductivity normal to the alignment direction of CNTs is decreased. In normal direction, resistance was calculated from the slope of I-V graph and it was found to be around 83 . This indicates that an anisotropic gel-coat system can be prepared under applied electric field.
Conclusions
In this study, firstly synthesis of CNTs by methane decomposition catalytic chemical vapor deposition method on Co-Mo/MgO was carried out. As seen from SEM and Raman analysis obtained CNTs were of high quality single walled CNTs. At the second step electrical properties of gel-coat polymer was searched with and without adding 0.05% CNTs. CNTs were dispersed within gelcoat using 3-roll milling method. Electrical characterization of the samples were examined and it was seen that resistance of neat polymer was so high, however after adding CNTs, resistivity decreased and conductivity increased. To align CNTs an AC electrical field was applied and after application of electrical field conductivity in the vertical direction of CNTs decreased and an electrically anisotropic composite was obtained.
